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1 Introduction

Radiative transfer began as a mathematical theory with Rayleigh’s efforts (1871) to determine
the distribution of sunlight in earth’s atmosphere. At the turn of the century other scientists
began to investigate the transmission of light through various media. Schuster and Schwartzschild
(1905, 1906) formulated the radiative-equilibrium stellar-atmosphere problem and developed what
is known today as the Schwartzschild-Milne equation. Lommel (1889) and Hvolson (1890) derived
the same equation but in the context of light scattering in translucent media. From the period
1910 to about 1940, radiative transfer was developed as a discipline primarily by astronomers for
whom detailed light measurements are the keystone to their science. Beginning in the 1940’s and
continuing to this day, developments in radiative transfer have been accelerated by neutron and
high-energy photon transport methods for both military and civilian applications of nuclear energy.

Today, radiative transport plays an important role in many other areas besides nuclear and
astronomical studies. Applications include: illumination and photometry in cloudy or foggy media,
interpretation of many optical phenomena and spectroscopic analyses, radiation hydrodynamics in
which radiation can affect the fluid flow (e.g., shock phenomena), energy loss from thermonuclear
plasmas, combustion studies, and many others.

1.1 Radiative Transfer Regimes

The transport of radiant energy through a medium falls into three broad categories.

Short Wavelength Radiation: For high energy gamma and X rays (A < 1072um), the “size” of
the radiation photons is less than that of atoms, and radiation mostly interacts with individual
electrons or nuclei of the medium. Moreover, the intensity of the radiation field is generally
sufficiently low that the radiation does not affect the optical properties of the medium. In this
case, typical of many radiation shielding analyses, the radiative transfer equation is linear, and
a wealth of numerical techniques exist to perform very accurate calculations of the radiation

field.

Intermediate Wavelength Radiation: For infrared to soft X-rays (A = 1073 to 10™"um) the
radiation field is absorbed, scattered and reemitted both by individual atoms of the medium
and also by small particles (e.g., soot, fog, etc.). In this regime, the radiation field often
affects the optical properties of the medium, thereby making the radiative transfer equation
inherently nonlinear.

Long Wavelength Radiation: For long wavelength radiation (A > 100um) the radiation is
“large” compared to the size of atoms and particles composing the medium. Consequently,
radar and radiowaves interact with all of the atoms in the medium simultaneously and the
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concept of point interactions is no longer applicable. For such wavelengths, the radiation field
is described by Maxwell’s equations and not by the radiative transfer equation.

1.2 Differences Between Small and Intermediate Wavelength Regimes

In these notes, we consider radiative transfer in the first two of these regimes. The radiative transfer
equation, which we will derive, applies equally to both of these wavelength regimes, and concep-
tually, we could treat both regimes in a single framework. However, the intermediate wavelength
radiation presents much more of a challenge to the analyst than does the short wavelength case.
Some of the properties which make the intermediate case more challenging are

o For intermediate wavelengths, the optical properties of the medium depend strongly on the
radiation field. Thus, even though photon-photon interactions are ignored, the radiative
transfer equation is highly nonlinear. At short wavelengths, the optical properties become
independent of the radiation field, and the radiative transfer equation is linear.

e Optical properties, even for a homogeneous medium, generally vary continuously with position
since the radiation field varies continuously with position. For short wavelengths, the optical
properties usually depend only on the composition of the medium.

e Absorption and emission lines are numerous, very narrow, and occur over the whole spectrum
of interest. By contrast, for short wavelength radiation the optical properties usually vary
smoothly with radiation wavelength.

e For intermediate wavelengths, one often is interested in the inverse problem, i.e. given some
measurements of the radiation field, one tries to determine some property of the medium.
This is much more difficult than the forward problem of determining the radiation field at
some point in the medium, which is the usual problem for the short wavelength radiation.

2 Radiation as Waves and Particles

For many phenomena radiant energy can be considered as electro-magnetic waves. Indeed Maxwell’s
equations, which describe very accurately long wave-length radiation interactions, immediately
yield a wave equation for the electric and magnetic fields of radiant energy. Phenomena such as
diffraction, interference, and other related optical effects can be described only by a wave model
for radiation.

However, near the beginning of the twentieth century, several experiments involving light and
X rays were performed that indicated that radiation also possessed particle-like properties. Today
we understand through quantum theory that matter (e.g. electrons) and radiation (e.g., X-rays)
both have wave-like and particle properties. This dichotomy, known as the wave-particle duality
principle is a corner stone of modern physics. For some phenomena a wave description works
best; for others, a particle model is appropriate. In this section, three pioneering experiments are
reviewed that helped to establish the wave-particle nature of matter.

2.1 The Photoelectric Effect

In 1887, Hertz discovered that, when metal surfaces were irradiated with light, “electricity” was
emitted. J.J. Thompson in 1898 showed that these emissions were electrons (thus the term photo-
electrons). According to a classical (wave theory) description of light, the light energy was absorbed
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by the metal surface, and when sufficient energy was absorbed to free a bound electron, a pho-
toelectron would “boil” off the surface. If light were truly a wave, we would expect the following
observations:

e Photoelectrons should be produced by light of all frequencies.

e The higher the light intensity (i.e. wave amplitude), the more energy is absorbed per second
and hence the greater should be the photoelectron emission rate.

o At low intensities we would expect a time lag between the start of irradiation and the emission
of a photoelectron since it takes time for the surface to absorb sufficient energy to eject an
electron.

e The kinetic energy of the photoelectron should increase with the light intensity since more
energy is absorbed by the surface.

However, experimental results different dramatically with these results. It was observed:

e For each metal there is a minimum light frequency below which no photoelectrons are emitted
no matter how high the intensity.

e There is no time lag between the start of irradiation and the emission of photoelectrons, no
matter how low the intensity.

e The intensity of the light affects only the emission rate of photoelectrons.

e The kinetic energy of the photoelectron depends only on the frequency of the light and not
the intensity. The higher the frequency, the more energetic is the photoelectron.

In 1905 Einstein introduced a new light model which explained all these observations. Einstein
assumed that light energy consisted on photons or “quanta of energy,” each with an energy F = hv,
where h is Planck’s constant (6.62x 1072° J s) and v is the light frequency. He further assumed that
the energy associated with each photon interacts as a whole, i.e. either all the energy is absorbed
by an atom or none is. With this “particle” model, the maximum energy of a photoelectron would
be FF = hv — A where A the amount of energy required to free an electron from the metal. This if
hv < A no photoelectrons can be produced. Increasing the light intensity only increases the number
of photons hitting the metal surface per unit time and thus the rate of photoelectron emission.

2.2 Compton Scattering

According to the wave model of electromagnetic radiation, radiation should be scattered from an
electron equally in all directions with no change in wavelength. However, it 1922 Compton observed
than x rays scattered from electrons had a decrease in the wavelength AX = A — A proportional
to (1 — cos ;) where 65 was the scattering angle (see Fig. 1). To explain this observation, it was
necessary to treat x rays as particles with a linear momentum p = h/X and energy £ = hv = pe.

Since photons travel as the speed of light, we must use relativistic kinematics. According to
Einstein’s special theory of relativity, the total energy of a particle with speed v is

mO

E=mc = ——2— (1)

N
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Figure 1. A photon with wavelength A is Figure 2. Conservation of momentum re-
scattering by an electron. After scattering, quires the initial momentum of the photon
the photon has a longer wavelength A’ and px equal the sum of the momenta of the
the electron recoils with an energy 7. scattered photon and recoil electron.

where m,, is the rest mass (here, that of an electron) and m is its relativistic mass. The momentum
p of a particle can be expressed in terms of these two masses, namely

prc? = (mc*)? — (myc?)>. (2)

In an x-ray scattering interaction, the energy and momentum before scattering must equal
the energy and momentum after scattering. Conservation of linear momentum requires the initial
momentum of the incident photon (the electron is assumed to be initially at rest) must equal the
vector sum of the momenta of the scattered photon and the recoil electron. This requires the
momentum vector triangle of Fig. 2 to be closed, i.e.

P\ =Py + Pe (3)
or from the law of cosines
pe = P3 + A — 2pap cos b, (4)
The conservation of energy requires
prc + moc? = pue 4+ me? (5)
which, with Eq. (2), can be rewritten as
Px + Mo — pyr = Pz + (mec)z- (6)

Substitute for p. from Eq. (4) into Eq. (6) and rearrange the result to obtain

1 1 1
— - = (1 —coséy). (7)
P Py m002

Then since A = h/p, this result gives the decrease in the scattered wavelength as

N A=

(1 = cosby), (8)

myc

where h/(m,c) = 2.431 x 10~ %um.
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2.3 Electron Scattering

In 1924 de Broglie postulated that, since light had particle properties, then for symmetry, particles
should have wave particles. Because photons had a discrete energy F' = hv and momentum p = h/A,
de Broglie suggested that a particle should have an associated wavelength A\ = h/p.

Davisson and Germer in 1927 confirmed that electrons did indeed behave like waves with the
de Broglie’s predicted wavelength. In their experiment, shown schematically in Fig. 3, Davisson
and Germer illuminated the surface of a Ni crystal by a perpendicular beam of 54-eV electrons
and measured the number of electrons N () reflected at different angles 8 from the incident beam.
According to the particle model, electrons should be scattered by individual atoms isotropically
and N (@) should exhibit no structure. However, N(#) was observed to have a peak near 50°
(see Fig. 4). This observation could only be explained by recognizing the peak as a constructive
interference peak — a wave phenomena. Specifically, two reflected electron waves will be in phase
(constructively interfere) in the difference in their path lengths AB in Fig. 3 is an integral number
of wavelengths, i.e., if dsin® = nA, n = 1,2,... where d is the distance between atoms of the
crystal. This experiment and many similar ones clearly demonstrated that electrons (and other
particles such as atoms) have wave-like properties.

mncident
electrons

reflected

electrons \ N\

o---- ) e

~— d— crystal plane 0 6 (deg) 90
Figure 3. Electrons scattering from atoms Figure 4. Observed number of electrons
on a crystalline plane, interfere construc- N () scattered through an angle of § degrees
tively if the distance AB is a multiple of by the atoms in a nickel crystal.

the electron’s de Broglie wavelength.

3 Description of the Radiation Field

The rate at which radiant energy of a particular frequency flows through a medium is given by the
spectral intensity I,(r,$,t).! This fundamental description of the radiation field is defined such
that I,(r,$2,1)dQ dt = the radiant energy traveling in directions d€2 about € and with frequencies
in dv about v that crosses a unit area perpendicular to £2 in a time interval dt at time ¢t. The
spectral intensity I, is also sometimes referred to as the radiation specific intensity or the angular
spectral intensity, and has units such as W m=2 sr=! 571,

Equivalently, the radiation field is often described on a per-unit-wavelength basis by I,(r, €2,1).

The intensity in corresponding frequency and wavelength intervals must be equal so

I(r,Q, t)dv = —I\(r,Q,t)dA\. (9)

'In Siegel and Howell, this quantity is denoted by i, (v, 8, ¥, t).
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Since A = ¢/v,
L(mSLt):])uyﬂ,ﬂ[—gg]::A(mSLt)PQﬂﬂ. (10)

Once the spectral intensity [,() is known, many other useful measures of the radiation field can
be derived. For example,

Average intensity:

1
J(r,t)= — [ dQ1,(r,Q,1) (11)
T Jar
Radiant energy density:
1
u,(r,t)=— [ dQI,(r,,1) (12)
C Jar
Total energy density:
1 [ee]
umﬂz—/ dv [ a1, (r,0,0) (13)
cJo 4
Radiant heat flux vector:
qmﬂz/dy dQ QI (r, Q, 1) (14)
0 4
Radiation pressure tensor:
1 ee]
Pmﬂz—/ dv [ 400 L(r,,1) (15)
cJo 4

4 Optical Properties of the Medium

As radiation travels through a medium, it is absorbed and scattered. The absorbed energy is
subsequently reemitted. In this section two basic material properties, the extinction and emission
coefficients, are introduced. The physical processes that contribute to these coefficients are many
and their relative importances depend upon the frequency of the radiation of interest. Discussion
of these different physical processes is deferred to later sections; in this section, we restrict our
presentation to defining these two coeflicients, which play key role in radiative transfer, and to
presenting some of their basic properties.

4.1 The Extinction Coefficient

Consider a plane-parallel beam of monoenergetic radiation normally incident on a slab of material
with thickness Az (see Fig. 5). The probability P(Az) that a photon interacts while trying to
cross the slab equals the fractional decrease in the intensity caused by interactions (absorptions
and scatters) in the slab, i.e.

AIL
P(Az) = IOU' (16)
It is observed empirically (see Fig. 6)
. P(Az) o
Alglcrgo Ao = constant = K. (17)
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Figure 5. Radiation attenuated by a slab Figure 6. Measurement of interaction
of thickness Az. probability per unit slab thickness for dif-

ferent slab thicknesses.

The constant K, is called the extinction coefficient, which from Eq. (17), can be interpreted as the
probability, per unit differential travel distance, a photon of frequency v is absorbed or scattered.
The extinction coefficient generally depends on the composition of the medium and on the local
temperature and pressure. Since the radiation moving through a medium generally affects the
temperature and pressure, K, will thus vary with position, even for a homogeneous medium.

4.1.1 Consequences of Eq. (17)

Consider a half space normally illuminated by monodirectional and monoenergetic radiation (see
Fig. 7). At the slab surface the incident intensity is denoted by I7(0). As the radiation moves into
the slab, the intensity of the original beam is attenuated so that I(z) decreases as @ increases. As
the radiation crosses from # to z + Az, the intensity decreases by an amount [J(z + Az) — I5(x).
The probability a photon interacts while trying to cross the distance Az is thus

_ Lz + Aw) - ()

P(Az) = 18
(ar) = (18)
However, from Eq. (17)
.. P(Az) Lz +Az)—I2(z)] 1
B s = A, As ) 1)

In the limit, the term is square brackets becomes dI2(x)/dz so that the rate of change of radiation
intensity with penetration depth is given by

IO
% =-K,I)(z). (20)
The solution of this differential equation for the given incident intensity I2(0) and for the special

case that K, is constant is )
I(x) = I2(0)e 5w, (21)
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Figure 7. Attenuation of radiation as it penetrates a half space.

Thus it is seen that, in a medium with constant K,, radiation is exponentially attenuated. Also
from this result, the probability of interaction in a finite distance z is seen to be
I)(2)
15(0)

P(z)=1 =1 - fve, (22)

The probability of not interacting in a travel distance of x is thus
P(z)=1- P(z) = e Kve. (23)

4.1.2 Radiation Mean Penetration Distance

To calculate the average distance photons travel before interacting (absorption or scatter), we need
to determine the probability distribution function p(z)dz which is the probability that a photon
starting at = 0 interacts for the first time in da about z. Since a photon’s fate is independent of
its past history,

p(z)dz = {prob. it travels dist. 2 without interaction} {prob. it interacts in the next da}
= {P(e)} {P(dz)}
_ {e—Kl,x} {1 _ 6-1«'ydx}
- 1
_ -Kyx _ e 230292
_{e }{1 (1 le,dac—l—leydx )}

= K, e B dg (24)

Note that [ p(x)de = 1 as required for a probability distribution function.
With this probability distribution function, the average distance a photon travels through a
medium before interacting is found to be

1

tm:fz/ dacxp(x):](l,/ dewe ™7 = —
0 0

o (25)
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Thus, another interpretation of K, is that it is the inverse of the mean travel distance before
interaction with the medium.

4.1.3 Half- and Tenth-Thickness
A closely related concept to the mean penetration distance, is the distance z;, required for the
radiation intensity to decrease to one-half of the initial intensity, i.e.,

I§($1/2) 1 K
T = — = e v/2, 26
o(0) 2 ° (26)
Solving for /5 yields
In2 0.693

With a knowledge of x5 it is a simple matter to determine the thickness of a material needed to
reduce the radiation intensity to any desired level. For example, if the intensity is to be reduced
by 1/2", then a thickness nzy, is required.

Similarly, the thickness required to attenuate the incident beam to one-tenth its initial value is

In10  2.30

Tij10 = 7 = 7
/ K, K,

(28)

4.1.4 Attenuation with Variable &,
Generally, the extinction coefficient K, varies with position. In this case, radiation is still expo-
nentially attenuated. The solution of Eq. (20) is

(2) = 15(0)e™ ™) (29)

where the optical depth or opacity is defined

() = /090 K, (") da'. (30)

4.1.5 The Mass Extinction Coefficient

Extinction coefficients are often reported as k, = K, /p, the so-called mass extinction coefficient.
The reason for this normalization is that, to a first approximation, we expect K, to be proportional
to the atom (or particle) density in the medium, which, in turn, is proportional to the mass density
p. Thus, the ratio K, /p should be relatively independent of the actual medium density.

4.2 The Emission Coefficient

The radiation energy absorbed at some point in a medium will generally be reradiated, albeit often
at different wavelengths, very shortly after the absorption. We will go into detail later about the
physical processes involved with this reemission of radiant energy. For the moment, the emission
coefficient €, is defined such that €,(r, Q,1)dQ2 dvdt is the radiant energy emitted per unit mass of
material at r into directions df2 about £2 with frequencies in dv about v in a time interval dt at
time t.
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5 Derivation of the Radiative Transfer Equation

The radiative transfer equation (RTE) de-
scribes how radiation migrates through an
n medium as it is scattered, absorbed, and
reemitted by the various components of the
medium. It can be derived by considering
ds an energy balance in some arbitrary volume

V' surrounded by a closed surface S (see

Fig. 8). Consider only the radiation energy

Volume V in V that is traveling in directions d€? about
//" Q and with frequencies in dv about v. From

s an energy balance, the (a) rate of increase

of such radiant energy in V must equal the

rate of gain of these photons in V" minus the

Figure 8. Arbitrary volume through whose sur- rate of loss of photons with the specified di-
face radiation can freely pass. rection and frequency.

Specifically, the following energy balance must hold

(a) the rate of (b) the net flow rate of
increase of (v, €2) = — § (v, Q) radiation out of

radiant energy in V' V across surface 5

(c¢) rate at which (d) rate at which (v, Q)
— 1 (v, Q) radiant energy ¢ + q radiant energy is emitted ;. (31)
is absorbed in V by the medium in V'

The four terms in this balance relation have the following interpretations: (a) is the rate of
increase in the radiant energy due to photons with frequencies in dv about v and travelling in df}
about €; (b) is the loss rate of radiant energy caused by the net flow of photons in dv about v in
d€) about € that cross out of V' minus that entering through the surface S; (¢) is the rate at which
energy in V in lost by photons in dv about v and in d€? about € being absorbed or scattered; and
(d) is the rate of emission of radiant energy with frequencies in dv about v and traveling in df2
about €.

The radiative transfer equation is obtained by expressing each term in this balance relation
mathematically.

Term (a): The radiant energy density in a unit volume at r at time ¢ due to photons with frequen-
cies in dv about v and traveling in d? about Q is I,(r,€2,%)/c. Thus differentiation, with respect
to time, the volume-integrated energy density yields

(a)_dt/// av D 0 - /// qy xS 0) ””) dv dS. (32)

Term (b): To calculate the net leakage of radiant energy through the surface S, consider those
photons travelling in directions d€ about €2 through the element of the surface d.5 shown in Fig. 8.
The surface element d$ has a unit outward normal n that makes an angle v with the unit vector
Q. Note cosy = n+QQ.
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By definition, the energy flow through a unit area perpendicular to € is just I, (r, Q,?). However,
the energy flow through a unit area perpendicular to n is less by a factor of cos~. Thus the leakage
of radiation (with frequencies in dv about v and traveling in d€2 about €2) is

leakage through dS = I,(r,Q,t) cosydS = n+Q I, (r,Q,1). (33)

If this quantity is positive, radiant energy flows out of V', while a negative result means energy flows
into V.. The net flow out of V' is thus obtained by integrating this result over the entire surface, i.e.

(b) = //S dS e I, (r, 2, 1) dv dS. (34)

Finally, this result can be converted to a volume integral by use of Gauss’s divergence theorem,
namely, for any continuous vector field v inside V'

//S dSnev(r) = // Y dV Vev(r). (35)

Application of this theorem to Eq. (34) gives
(b) = // AV VS I, (r, Q1) dvdS. = // AV QoY 1, (r, Q1) dv dS. (36)
14 14

where the interchange of V and €2 in the last term is allowed since V operates on only the spatial
variable r and not on €.

Term (c): Consider radiation traveling in direction €2 incident on a differential volume dV' about
the point r. This differential volume presents a normal area dA and a depth ds to the incident
beam so that dV = dA ds. Then, the rate at which radiant energy, with frequencies in dv about v
and traveling in d2 about €, interacts in dV (by absorption or scattering), and hence is removed
from the photons under consideration, is

energy interacting in dV = {I, dQ dvdA}{prob. of interaction in distance ds}
={1,dQdvdA}{pk, ds}
= pkiy I, (x, 2, 1) dQ dv dV. (37)
Integration over all dV in V' then yields

(c) = ///V dV pr, 1, (r,$2, 1) dQ dv. (38)

Term (d): By definition of the emission coefficient (see Section 4.1.5), the rate of radiant energy,
with frequencies in dv about v and traveling in d2 about €, that is emitted in V is

(d) = //VdeGU(r,Q,t) 4 dv. (39)

Now substitute Eqs. (32),(36), (38), and (39) into the balance relation of Eq. (31) and combining
the integrals gives

/// av {EW + QeVI,(r, 2, 1)+ pr L (r,Q, 1) — ,061,} = 0. (40)
v ¢
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However, the volume V is arbitrary, and, hence, the integrand in this equation must itself be
identically zero, i.e.,

1O, (r,2,1)

T + QVI,(r,Q,t) = p[—r, 1, (r,2,1) + ¢, (r,Q,1)] = 0. (41)
¢

This equation is the general form of the radiative transfer equation. Although it appears to be
linear, it must be remembered that x, and €, usually are strong functions of the radiation field
I,(r,Q,1), so that the RTE is usually highly nonlinear. As a consequence, analytic solutions are
futile (except under highly unrealistic conditions), and even numerical solutions are usually quite
difficult. Nevertheless, Eq. (41) is “exact” and forms the basis for the study of radiative heat
transfer through interacting media.

5.1 Implicit Assumptions for the RTE

Although the above derivation of the RTE appears to be exact under very general conditions and
geometry, there are several assumptions that have been implicitly made. These include

o We have assumed that the radiant energy in V' is unpolarized. For polarized light, the spectral
intensity I, is replaced by a 4-component vector of the Stoke’s parameters that describe
polarized radiation. Such an extension is beyond the scope of these notes; the interested
reader is referred to Radiative Transfer by S. Chandrasekhar, Dover, NY, 1956.

e [t has been assumed that radiation travels through a medium without dispersion, i.e., there
is no dependence on the refractive index of the medium. Under this assumption, radiation (a
photons) travels in a straight line between interactions.

o We have assumed there are no “collective” effects, i.e., there is no correlation among the
scattering and absorption centers. In media with reflecting elements such as vegetative leaf
canopies, this is not true, and radiation transport in such media is much more complicated.

o We have also assumed there are no external forces affecting the photon paths so that photons
travel in straight lines. Near black holes, for example, this is not true.

e We have neglected photon-photon interactions so that Eq. (41) assumes an apparent linear
form. Except under extreme conditions, such as those in certain cosmology models, this is
generally valid. Nonetheless, even with this assumption, Eq. (41) is generally nonlinear for
the reasons previously discussed.

5.2 The Streaming Term of RTE

Although the choice of the spatial and directional coordinate system is independent of the radiative
transfer problem, geometric symmetries which may be present can often be more easily expressed
in one coordinate system than another. If the problem has any spatial symmetry, a proper choice
of the coordinate system usually allows the elimination of one or more of the independent spatial
variables. Many coordinate systems are available, results are presented below for the three most
commonly encountered ones: rectangular (Cartesian), spherical, and cylindrical.

The basic difficulty in writing the radiative transfer equation for a particular geometry is ex-
pressing the leakage or streaming term, Q+V /I, (r,€2,¢), in terms of the variables of the coordinate
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Figure 10. Rectangular coordinate system for r(z,y, z)
and the spherical coordinate system used for (8, ).
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system. Suppose that distances s and « are measured along the directions of £2 and V¢, as in Fig. 9,
and that © is the angle between these two vectors. Then, since VI, = d¢/du, du/ds = cos ©, and
€ is a unit vector,

dl, ds dl, dI,
= cos O— =

du du ds — ds’

Thus QVI,(r,€,1) is the rate of change of I, along the direction of particle travel £, namely,
dl,/ds. To calculate the explicit expression for the streaming term Q¢V 1/, in any geometry, one
needs only to evaluate dI,/ds in terms of the spatial and angular variables of the particular geom-

QeVI, = cosO

(42)

etry.
As an example, consider the Cartesian spatial coordinate system for r and spherical coordinate
system for €2 shown in Fig. 10. For this case, the streaming term is expressed as

d‘[l/($7y7 Z? 07 /l/b)
ds ’
Ol dx 0l dy 0l,dz OI,d0 OI,dy

QV1,(r,Q,1) =

= — = — — —. 4
8xds+8yds+8zds 80d$+8¢d5 (43)
From Fig. 10 the following variations of x, y, z, 8, and v with distance s along € are found:
d
d_ac =sinfcosy = V1 —w?cos
3
d
d—y =sinfsiny = V1 — w?sin®y
3
d
d—j =cosf = w
and
@ _de_,
ds ds
where w = cos#. Thus, from Eq. (43) the streaming term becomes
QeVI, =1 - w? (cos¢aly + sin zb%) + w%. (44)
oz oy 0z

For the special case in which the sources and material properties do not depend on z or y, the
radiation intensity [, varies only with z, w (or 6), and in general, ?p. Thus, the derivatives 91, /0x
and 91, /dy in Eq. (44) vanish, and

al,(z,w, 1)

QVI, =
¥ 0z

. (45)

For other geometries the explicit form of the streaming term in the radiative transfer equation is
more complicated. In Table 1, explicit forms for the streaming term are given for the three widely
used geometries shown in Fig. 11.

6 Radiation Interactions with Matter

The manner in which electro-magnetic radiation interacts with matter depends on many factors,
the most important of which are the state of the matter, i.e., whether gaseous or condensed (liquids
and solids) and the size or wavelength of the radiation.
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Table 1. Forms of the streaming term Q¢V I, in the three simplest orthogonal geometries.

Geometry Sp.atlal Al?gular Qv
variables variables®
Rectangular z w w ol
0z
Z, w,n waL} —1—776['/
0z Ox
z,2,y w,1,& wil +778[” Ll
0z Ox Oy
Cylindrical® r o, & Y orly) — 16(77[1/)
r or r Oo
worly) oL, 10(nl,)
Y ¢ r  Or rdd  r Oa
w o(rly) aI,  19(nl,)
ot v or T8 Tréa
wolrly) nol, aI,  19(nl,)
rd,z @8 T o Traw e v da
. w (L)  19[(1 —w?)I,]
Spherical r w = o - Em
w I(r*l,) n  O(sindl,) 19[(1—-w?)I,]
r9 wa 2 or +rsin79 ov +; Ow
_cot ¥ 9(&I)
r Oo
w I(r*l,) n  O(sindl,) & 01,
.Y “ 2 or +rsin79 09 rsind Oy
19[(1 —w?)I,]  cotd (D)
_|__ —
r Ow r Oo

@ The angles ¥, ¥, and « are in radians.

bw=1/1=Ecosa,n=+/1—EZsina; a is the angle of revolution about the E axis.
cp=+v1—-wcosa,& =+1—w?sine; «a is the angle of revolution about the & axis.
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Cylindrical

Rectangular

kz (x,y,2) kz £ (r,0,z)
w
w ~N
Q z
3
r : L
n K .
Jy Jy
¥ r
[ /
ix ix
Spherical
kz a (rﬂ},w)

jy

Figure 11. Coordinate systems for the three most commonly used geometries with the transport equation.
The quantities &, 7, and € are unit vectors for a local coordinate system (generally, functions of the position

coordinate system) with respect to which exist the directional cosines w = w*2, = 77*Q, and & = E°Q.
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For very long wavelengths (infrared and microwave) radiation, the photons have very small
energy (<< 1 eV) and are too “big” (>> lpm) to interact with orbital electrons of the atoms
of the medium. Rather they interact at the molecular level where they can be absorbed to excite
vibrational or rotational states of molecules. For media containing dust or colloidal particles, which
are comparable in size to the radiation wavelength, the radiation can be strongly diffracted and
scattered by the particles.

At shorter wavelengths (visible, ultraviolet, X rays, and gamma rays) radiation is comparable
to the size of atoms (or even the nuclei of atoms) and interacts with atomic electrons (or even
the nuclei). For such wavelengths the particle model of radiation is almost always used. Many
photon-medium reactions are possible. Photons can scatter collectively from all the electrons of an
atom/molecule (Raman scattering), remove an electron from an atom (a photoelectric or ionization
interaction), scatter from an orbital electron (Compton scatter), or interact in the electric field of
a nucleus to create an electron-positron pair. At very short wavelengths (hv > 10 MeV) photons
interact with the atomic nuclei in a variety of ways producing secondary neutrons, protons, alpha-
particles and such.

Radiation interactions with matter are categorized as “scatters” if a secondary photon is pro-
duced within about 10719 s of the interaction. If the secondary photon has the same energy as the
incident photon, the scatter is said to be elastic. By contrast, if the scattering interaction leaves
the atom in an excited state, the scattered photon has less energy than the incident photon, and
the scatter is termed inelastic.

6.1 Photon Reactions

For wavelengths of visible light and shorter, interactions can be categorized as a scatter (a sec-
ondary photon appears with negligible time delay) or as a capture if the photon energy is absorbed
and reemitted at times after the interaction. All photon reactions contribute to the extinction
coefficient %, and those that produce a secondary photon contribute to the emission coefficient ¢, u.
Interactions contributing to &, include:

Elastic Scatter:

1. Rayleigh scattering: scattering by atoms and molecules with negligible loss of photon
energy. (bound-bound)

2. Thomson scattering: scattering by free electrons in the low energy limit. (bound-bound)

3. Mie scattering: scattering from large particles. Radiation is diffracted (constructively
and destructively) around the particle.

Inelastic Scatter:

1. Compton: scattering from an atomic orbital electron. The recoil electron is freed from
the atom. (bound-free)

2. Raman: scattering by atom or molecules (energy goes into internal excitation states.

(bound-bound)
Capture:

1. line absorption: moves electron to higher energy orbital. (bound-bound)
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photoionization: frees an electron from an atom. (bound-free)
inverse Bremsstrahlung: photon transfers energy to a free electron. (free—free)

photodissociation: photon breaks molecular bond.

U =W N

pair production: photon interacts in the electric field near a nucleus and produced a
positron-electron pair. This reaction occurs only if the incident photon energy is greater
than 1.02 MeV.

6. various nuclear reactions incident photon is absorbed in a nucleus, excites it, and causes
various particles to be emitted. Important only if photon energy > 20 MeV.

6.2 Contributions to the Extinction and Emission Coefficients

Each capture process has an inverse that produces a photon and thus contributes to the emission
coeflicient €,. Similarly, all scatters contribute to €,. The inverse of capture processes may proceed
spontaneously (i.e., the emission of the secondary photon occurs randomly with a characteristic
decay time constant), or may be induced. In induced emission, an incident photon, with nearly
the same frequency used to create the excited state, causes the atom or molecule to deexcite by
emitting a photon in phase with the passing photon. Thus, in induced emission, one incident
photon produces two photons, without any time delay and traveling in phase in the same direction.

For an isotropic medium the extinction coefficient K, is independent of €2, the directional of
the radiation interacting in the medium. By contrast, the emission coefficient ¢, is usually highly
anisotropic because of (1) induced emission which produces secondary photons in the direction of
the incident radiation, and (2) anisotropic scattering.

Finally, since induced emission contributes to both the extinction coefficient (the incident photon
interacts) and the emission coefficient (two photons are emitted with the same direction and phase
of the incident photon), the contributions are often combined into a single negative contribution
to the extinction coefficient. This can be done since no change in energy or direction occurs in the
induced emission, only an increase in the number of photons. The resulting rearrangement of the
right-hand side of Eq. (41) is shown below.

+ capture of photon + spontaneous emission
pl—kul, + €] = — < +scatter from (v,2) 3 + ¢ + 2 induced photons out
+ inducing photon in + scatter into (v, §2)

+ capture of photon
= — ¢ + scatter from (v, Q)

4 {—I— spontaneous emission}
— 1 induced photon

+ scatter into (v, Q)

= pl=r 1y + €] (46)

where x!, and €, are called the reduce or corrected coefficients.

6.3 Absorption and Scattering Coefficients

The extinction coeflicient K, can generally be decomposed into two components, K, = p, + s,
where i, is the linear absorption coefficient and p, is the linear scattering coeflicient. The total
absorption coefficient is the sum of the absorption coefficients for all possible physical absorption
processes, i.e. i, = 3., u. where g is the absorption coefficient for the ith absorption process.
Similarly, the scattering coefficient can be decomposed as p, = 3, p'. where pi is the scattering
coeflicient for the ith scattering process.

18 August 16, 2001



6.4 Differential Scattering Coefficient and Phase Function

As listed in Section 6.1, there are several types of physical reactions that cause photons to be
scattered as they move through a medium. To describe the scattering of photons, by the ith
process, from an incident direction € into another direction €', the phase function p; is used.
This function is defined such that p;(r;v, Q@ — v/, Q')dv’ d€) is the probability that a photon with
frequency v and traveling in direction €2, upon scattering by the ith process, has a frequency in dv’
about v/ and travels in dQ’ about Q’. Such a phase function is normalized as?

/ dl/’/dQ’pi(r; v, — v, Q)d dY = 1. (47)
0

The differential scattering coefficient u'(r;v, Q@ — v', Q' )dv' dS¥ is defined as the probability,
per unit differential path-length of travel, that a photon with frequency v and direction € scatters
by the ith scattering process into dv’ about v/ and into a direction within dQ’ about €. In terms
of the phase function

,ui,(r; v, — V)= ,ui,(r, v, Q1) pi(r; v, Q@ — v, Q) (48)

where p(r, v, Q,t) is the total scattering coefficient for the ith scattering process.

6.4.1 Isotropic Medium and Other Simplifications

For an isotropic medium, the phase function depends on only the cosine of the scattering angle,
ws = Qe = cosbcos @ + sin Osin ' cos(¢ — ¢'), and not on the individual directions (6, ¢) and
Q'(¢',¢') separately. Thus

pi(r; v, Q — V') — pi(rsv, — vV, QeQ) = pi(r;v, — VvV, wy). (49)

Also, for an isotropic medium, the probability of scattering is independent of the photon direction
Q. so that the total scattering coefficient is a function only of position, frequency and, perhaps,
time, i.e., u(r, v, Q,t) — pi(r,v,t). For the rest of this discussion, it is assumed that the medium
under consideration is isotropic.

For some scattering processes (e.g., reflection from a dielectric sphere), there is no change in
frequency, and p;(r;v, — V', ws) = P;(r, v,ws)6(r — '), where the modified phase function p has the
normalization

dQV p;(r,v,w,) dQ = 1. (50)

4

The corresponding differential scattering coefficient has the form

(e, v we, t) = gl (r, v, )P (v, ws). (51)

Finally, it is often assumed, for computational convenience, that scattering is isotropic. For this
model, p=1/(47).

2Sometimes the phase function is normalized to 1/4w. Such a phase function is denoted by ® and is used by Siegel
and Howell. T prefer the unit normalization since it has a direct probabilistic interpretation.
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7 Radiative Transfer in Gases

7.1 Photoexcitation and Radiative Transitions

Radiation is absorbed or emitted from the atoms or molecules of a gas at discrete energies or spectral
lines. Such line absorption or emission generally occurs over the whole spectrum of interest, and
usually are the dominant absorption/emission processes in many radiative transfer problems. When
a photon is absorbed, an orbital electron is excited from an energy level F; to a higher energy level
E;. For such a photoexcitation reaction, the incident photon must have an energy very close to
hv;; = E; — E;. Equivalently, photons can be absorbed by a molecule to excite rotational or
vibrational states which also have discrete energies.

The inverse of this absorption reaction also occurs, either spontaneously or by being induced by
an incident photon of the same energy, so that the electron in the excited energy state £; returns
to the lower state F; with a photon of energy hy;; = F; — E; being emitted. The decay of the
excited state can also produce a cascade of lower energy photons as a result of the electron reaching
F; by way of intermediate energy states. Also non-radiative transitions can occur when the energy
change is absorbed into other energy states of a molecule (e.g., rotational or vibrational states).

For a particular electronic transition i,

éi; (1)} absorbed or emitted photons can have a
small range of frequencies about the central
frequency v;; as a result of the Heisenberg

I' A = width at uncertainty principle. This principle states

half-height that the uncertainty or variation of pho-

\ ton energy AF ~ h/At where h = h/(27)

> and At is the uncertainty or variation in

v the transition time. This variation in AF

Figure 12. An absorption-line profile for transi- leads to the natural line profile Cbij(l/) (See
tion between energy states E; and Ej. Fig. 12). The line profile is normalized such

that ¢;;(v) dv is the probability a photon in
dv about v is absorbed (or emitted) for transition 7j. The natural profile is usually well described
by a Lorentz distribution
_ Aij
AL+ ()
The natural line width is usually broadened (or even narrowed) as a result of medium interac-
tions. The effects that modify the natural line shape include the following.

bij(v) (52)

Doppler Broadening: If an atom moving towards an observer with a speed v emits a photon
of frequency v;;, the photon frequency will be increased to v = v;;(1 + v/¢). Similarly, if
the atom moves away from the observer, the frequency decreases to v = v;;(1 — v/e¢). This
Doppler effect causes the line profile to be broadened into a Maxwellian profile

1 In2 In2
Gij(v) = A—DwnTeXp [—(1/ — Vij)Qz—%] 7 (53)

where Ap is the width at half maximum

Collision Broadening: As the pressure of a gas increases, the collision rate among the gas atoms
and molecules increases. These collisions perturb the energy states of the atoms and cause
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broadening of the spectral lines. The resulting line profile is a Lorentz distribution, Eq. (52),
but with an increased half-width Ag > Ay;.

Collision Narrowing: As pressure increases and more atomic collisions occur in the medium,
the thermal motion of the atoms is restricted and the Doppler effect is not as effective at
broadening the line, i.e., the line profile appears to narrow.

Stark Broadening: For gases with strong electric fields, such as in ionized gases, the electric
field can severely perturb the energy levels of the atoms and molecules, often leading to large
amounts of line broadening.

Calculation of line profiles is a very complex task, well beyond the scope of these notes. We
will simply assume that the profiles ¢;;(v) are known.

7.1.1 Contributions to Extinction and Emission Coefficients

(a) Spontaneous Emission: Radiation emitted spontaneously from an excited state is emitted
isotropically. If there are N;(r,t¢) atoms per unit volume at r at time t in excited energy state
J, then the spontaneous emission rate of radiant energy, per steradian per unit volume, within unit
frequency about v, that leaves the atom in lower state 7 is given by

1
pSpontancous _ ENjAji(bij(V)hVij' (54)

7t
Here Aj; is the Einstein coefficient which characterizes the spontaneous decay rate of state j to
state 1.
(b) Line Absorption: The rate at which the incident intensity [,(r,€,¢) is absorbed, per unit
volume, by atoms in state ¢ and causes a transition to state jis

. 1
R = 1= NiBijhvijéii(v)1, (55)

where B;; is the second Einstein coefficient, related to Aj;; by A;; = By; [th/f’j/CQ].

(c) Induced Absorption: The rate at which radiant energy is emitted, per unit volume per steradian
per unit frequency, by incident radiation I, that induces a transition from state j to state ¢ is

: 1
Rinduced = NiBijhvijéi(v)L,. (56)
Note that the angular dependence of the induced photons is that of I,,.

With these expressions, their contributions to the extinction and emission coefficients can be
written explicitly. The corrected extinction coefficient has contributions from terms (b) and (c),
i.e.,

p(r, )il (r, 1) = { Rl — ginducedy

IV 1) N 0] By 0 o (57)

The corrected mass emission coefficient contribution’s from spontaneous emission is obtained from

(a) as

)L (0,0) = N0, 0) Ay (). (59)
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In the above formulation, it has been assumed ¢;;(v) is the same for both absorption and emis-
sion for transitions between states 7 and j. This approximation is called “complete redistribution”
and is usually quite a good assumption.

In Eq. (57), N; is usually greater than N; so that ] is positive and radiation is exponentially
attenuated as it streams through a medium, i.e. [,(s) = I,(0)exp[—kr,s]. However, with a “pop-
ulation inversion,” N; > N;, there is an exponential increase with penetration distance such as
occurs in a laser.

The ratio of corrected to uncorrected extinction coefficients is found to be

rlid) N (59)
Ku(i7) N;

If a condition known as “Local Thermodynamic Equilibrium” (LTE) exist at the point where the
state densities are being considered, then

N; hvi;
— exp[— V]] < 1. (60)

Thus, under LTE conditions, a population inversion cannot occur.

7.1.2 Photoionization and Radiative Recombination

Another important class of photon interactions are bound-free processes in which a free electron
combines with an ion and emits a photon or, inversely, a photon ionizes a neutral atom. The former
process contributes to the emission coefficient, and the later to the extinction coefficient. These
two reactions and their rates can be written as

hv+ Ny — Nzyi +e rate = az Nz 1, (61)
e+ Nyyy — NZ 4+ hy rate = 8741 Nz1q Ne. (62)

Here o and [ are appropriate interaction and rate coefficients and N, is the free electron density.
For simplicity of notation, we denote the ion density Nz as just another atomic/state density N;.

7.1.3 Scattering
Photons can also be scattered by the atoms of a gas, most commonly as coherent elastic scatters
in which negligible energy or frequency change occurs. Such scattering is often very important
in dilute gases such as those in planetary atmospheres. Also, in optically thick media or in line
self-absorption in which a photon can be absorbed and reemitted many times before it escapes or is
destroyed by some nonradiative event is scattering important. For other gaseous media, scattering
with significant change in energy can occur.

The scattering interaction coefficient pi from atoms in state i is proportional to the density N;

of such states, i.e. ' '
pi(r, v — v, Qe 1) = ol (v — v, Qe Q) Ny(r, 1) (63)

where the constant of proportionality ol is seen to have dimensions of area and is called the
microscopic scattering cross section.

The rate at which photon energy is scattered from atoms in the ith state, per unit volume, into
unit solid angle about € and into unit frequency about v is
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R;gat — /0 dv' i dQ o (l/ — v, Qe Q )N( )[y,(r,ﬂ’vt). (64)

This scattered energy contributes to the emission coefficient. This differential scattering cross
section can be written in terms of the phase function as

ol (V) — v, Q) = ot ()pi(V — v, Q). (65)

7.2 Calculation of Extinction and Emission Coefficients for Gases

The above contributions to the extinction and emission coefficients are now combined to give an
explicitly expressions for ], and ¢/,. The corrected absorption coefficient becomes

pk. I, = {[line-absorption — induced-emission] + non-line abs. + scatter from (v, )}

= Z ¢2] hl/Z]N N]BZ]I ‘|‘ZO[ NI —|—ZNU’I (66)

E<E

where «; is the absorption cross section for processes other than line absorption (bound-bound),
such as photoionization (bound-free) or bremsstrahlung (free-free) reactions. Similarly, the cor-
rected emission coefficient becomes

I . o . o
peE, = {spontaneous line emission + non-line emission + scattered photons}

= Z ¢2] thyN A; z‘|‘ZﬁzNN

E<E

+ Z‘/OOO dl// dQ’ (1/ — v, Qe Q/)N( )L,/(I', Q/,t). (67)

where (; is the rate coefficient for non-line emission process such as radiative recombination.

To evaluate the extinction and emission coefficients from the above formulation, it is necessary
to know the N;, the density of states and species. The rate equations for these population densities
have the form

ON;(r,t .
%+V-(Niu):ZWiij, 1=1,...,n (68)
J
where u(r,?) is the gas velocity. The rate coefficients W;; involve more processes than just photon
interactions. For example, electron collisions can cause states to change as in

e+ N;= N, +e excitation/deexcitation by free electron (69)
e+ Nz=Nzi1+ete electron ionization/3-body ionization (70)
The rate coefficients have the form

W5 = N;R;; — N; R, (71)
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where R;; is the probability, per unit differential time, that state/species i is transformed to
state/species j and has the form

1 0o
Rij = Aij + BZ']‘E/O dv [ - dS) L,(I',Q,t)] (bij(l/) + CijﬁeNe(I',t). (72)

where the first term arises from spontaneous deexcitation, the second from photon line absorption,
and the last term from electron collisions. To complete the set of equations, an equation analogous
to Eq. (68) must be used to describe N.(r,t). For steady-state problems, the rate coefficients
Wi; — 0, and the steady-state densities N; can be found directly from Eq. (71).

From the above description, it is seen that calculation of the extinctions and emission coefficients
is generally a very complex problem, requiring the calculation of many population densities for the
myriad of energy states and species that can occur in hot gases. Fortunately, there is a very
significant simplification if the medium can be assumed to be in local thermodynamic equilibrium.
This is discussed next section.

It is seen from the above formulation, that the corrected emission coefficient has two components:
the secondary scattered radiation and the spontaneously emitted radiation. It is the anisotropically
scattered radiation which makes €/, a function of the photon direction €; the spontaneous emission
of radiation is generally isotropic. To separate these two contributions, we write €, (r,Q,t) =
€f(r,t) + €°(r,Q,t). The scattered contribution can be expressed in terms of the differential
scattering coefficient by summing Eqs. (63) and (64) over all species/state i. With this explicit
separation of the scattered radiation from the spontaneously emitted radiation, the RTE, Eq. (41),
can be written as
E% + Q9| 100, 921) = —p(r. 6] L (. .0+ (. ) (1,1

—I—/ dv' [ dQ ps(r, v’ — v, Qe Q)L (r, ¥, 1). (73)
0 4T

7.3 Local Thermodynamic Equilibrium

Under the assumption of local thermodynamic equilibrium (LTE), it is assumed that the radiation
field is sufficiently dilute so ionization and excitation produced by electron/atom collisions far
exceeds that from photon interactions. Thus, LTE is maintained solely by electron/atom collisions.
Under LTE, all pairs of state densities of the same atom are related by the so-called Boltzmann

factor N L
J 9; Vig
N T g exp[— ﬁ] (74)
where g¢; is a statistical weight factor and k is Boltzmann’s constant. From this result we see that
for E; > I, N; < N; (with ¢; ~ g;), and population inversions cannot occur. From this relation,
the population densities V; can be found rather than from the much more complex set of equations
of Eq. (68).

However, a more important consequence of LTE is that photon emission becomes a smooth
function of frequency no matter how complex the line structure. In steady-state and at a point
where there is LTE at a temperature T’, the photon energy being absorbed must equal the energy
emitted in any direction and frequency, i.e.,

o)1, (1, 2) = p(r)e (). (75)
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However, the spectral intensity for such a medium is just Planck’s black-body spectrum B,(T).

Thus under LTE 3/ )
2hv° /e
le — _
pe, (r) Py ta By (T(r)) = pra G [RT _ 1 (76)

This consequence of LTE is sometime called Kirchhoff’s law, and represents an enormous simplifi-
cation! € is now a smooth function (no emission lines) determined by a single parameter 7.

For the time-dependent case, as we have assumed throughout our discussion, LTE still applies
if the time dependence of the radiation field (i.e, of I,(r,€2,t)) is determined by a relatively slow
temporal variation of radiation sources or boundary conditions. In other words, when the time
required for the atoms of a medium to come into LTE with the radiation field is much less than
the time for I,(r,€2,1) to change appreciably, Eq. (76) still is valid.

Although € is tremendously simplified under an LTE assumption , the extinction coefficient

k! is still complicated. The population densities N; needed for k!, however, are now much easier

v
to determine since they are now known in terms of the local temperature T and density p.

Note, LTE says nothing about the radiation field [I,,. It is often mistakenly thought that LTE
implies that I, = B,. Only in an infinite isothermal medium does the solution of the LTE-RTE
yield I, = B,, so that LTE is self-consistent (see Section 8.2. Generally, however, this is not the
case.

As a final observation, LTE is not necessarily even a good approximation. For example, it
does not hold in stellar atmospheres where atom densities are low and atomic collisions do not
dominate. However, LTE is almost always assumed (even when not rigorously valid) since, without

it, the RTE would be intractable.

7.4 The Steady-State RTE with LTE and Elastic Scattering

In almost all radiative transfer situations, the radiation field does not change in time or it varies
slowly (compared to the time required for photons to move through the region of interest) as a
result of, for example, sources changing in time (such as the sun moving across the sky). Even
if the sources, medium properties, and/or boundary conditions change in time, the radiation field
relaxes nearly instantly to a steady distribution determined by the medium and source properties.
The radiation field is thus always in quasi-steady state with the instantaneous medium and source
properties.

In the transport of thermal radiation, inelastic scattering processes (e.g., Compton and Raman
scattering) are usually negligible and only elastic scattering need be considered. For elastic scatter-
ing there is negligible change in frequency between the incident and scattered radiation. For such
scattering in an isotropic medium

ps(r,v' — v, Qo) — pg(r,v)p(r, v, QQ)o(v — V). (77)

Substitution of this result into Eq. (73), use of the steady-state assumption, and recognition that
PR, = o + ps allows the RTE to be written as

VL5, ) + p(r)L (1)1, (5. 2) = p(r)el (1) |1 BuAT)

+(1=7,) [ dVD(r,v, Q) (r, Q) (78)

4
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where v, = o /(e + 1ts), the ratio of the corrected capture (absorption minus induced) to total
(capture plus scatter) cross sections.

With these approximations, the RTE becomes monochromatic, i.e., photons of one frequency
interact independently of photons of other frequencies. By far, most of the theoretical work on
radiative transfer has been based on this form of the RTE, since, with it, I,, can be obtained as a
series of independent monochromatic calculations.

7.4.1 Isotropic Scattering

For simplicity, scattering is often assumed to be isotropic, i.e. p(r,v, Q') = 1/(4x). This is a
terrible assumption for scattering from aerosols and dust particles (described by Mie scattering)
but less so for scattering from atoms. In any event, if isotropic scattering is appropriate, Eq. (78)
reduces to

QeVI,(r, Q)+ p(r)r,(r)](x, Q) = p(r)r,(r) [1, By + (1 = 7) /()] (79)
where the average intensity is defined as
1
v = - dQ Il/ 79 .
T = - (r.9) (50)

Two limiting cases of this form of the RTE are widely studied. First, if the capture processes
are small compared to scattering, v, — 0. Such an approximation is often used in planetary
atmosphere calculations in which absorptions are few compared to scatters. At the other extreme,
one can ignore scattering if the atom density becomes sufficiently high, as often is the case in
astrophysical calculations involving dense media. Under this approximation, v, — 1 so the RTE
becomes

QoY LL(r, 2, + p(r)L (1)L, (1, @) = ple)il (1) Bu(T). (51)
If the temperature profile T'(r) is known, this result can be integrated directly to give I, (r, ).

7.4.2 Grey Approximation

Under the grey approximation 7,, !, and p(r,v, 2+Q’) are assumed to be independent of v (or
replaced by some appropriate average over the frequencies of interest). Thus if 7, and &), are
constants and for a frequency-independent phase function, then integration of Eq. (78) over all
frequencies yields

QY I(r, Q) + p'I(x, Q) = pr’ [7 /0 A BAT) 4 (1=7) [ 49 B(r, Q) I(x, n')]

4

= o [7%T4 (=) [ A B, Q) (x, n')] (82)

4
where the total intensity I(r,Q) = [~ dv I, (r,). Thus, the calculation of the total radiation
intensity becomes independent of frequency, i.e., a single monochromatic calculation is all that is
needed.

Three averages of !, are widely used for LTE problems [Stewart, 1967]:

HRE/O aT // L aB (1) (83)

Rosseland Average:
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Planck Average:

HPE/OOO dym;Bl,(T)//ooo dv B,(T) (84)

Transmission Mean:
Kr(m) = —iln [/ dv e_m“LBU(T)// dv BU(T)] . (85)
m 0 0

Such spectrum averages are called mean opacities or simply opacities (a complicated usage
since k], is also often called a opacity). The above three average opacities are applicable to calcu-
lation of frequency-integrated intensities in optically thick, optically thin, and isothermal regions,
respectively.

7.4.3 Uniform Picket Fence Model

A extension of the grey approximation is to assume the optical properties are constant (or averaged)
over G contiguous frequency ranges (or groups) Av,, g = 1,...,G covering the entire frequency
spectrum. Integration of Eq. (78) over Ay, gives the monochromatic RTE equation

QeV I, (x, Q)+ p(r)r, (r) I, (r, Q) = pay(r)By(T) —I—;LSg(r)AWdQ’ﬁg(r, Q) (r,Q), ¢g=1,....G.

(86)
The group optical constants are defined as follows:
I(r,Q2) = dv1,(r,Q), (87)
Avyg
()= g [ RO (EQ) (5%)
Ky(r) = ———— vE,(r)l,(r,Q),
g I,(r,Q) Jay,
:uag(r)Bg(T) = A dv ,ua(rv V)BU(T)v (89)
Vg
and |
sq(T)P, (1, QoY :7/ dvp Q)1 (r, Q).
lu g(r)pg(r7 ) Ig(r,ﬂ) Ayg l/p(r7 1/7 ) (I', ) (90)

The above picket fence model (or multigroup) approximation is exact provided the group optical
constants can be evaluated exactly, for which I, (r, €2) must first be known. However, if within each
Av, intervals, I,(r, ) can be approximated by a constant, the group constants can be estimated
without first knowing I, (r,€2). The group intensities I, can then be solved from Eq. (86) as a
series of independent monochromatic RTE problems. Finally, it should be observed that the grey
approximation is just the picket fence model with a single frequency interval (0, o).

7.4.4 Plane Geometry with Azimuthal Symmetry

In many radiative transfer situations, the geometry can be approximated by one-dimensional plane
geometry, i.e., the radiation intensity depends on only one spatial dimension z (say) so that
I(r, Q) — I,(2,Q) = 1,(z,0,¢) = I,(x,w,) where w = cosf. For example, radiative transfer
in planetary or stellar atmospheres, penetration of light into sea water, and coal-dust combustion

27 August 16, 2001



confined by plane parallel walls are all well described by a one-dimensional plane geometry. In such
a geometry, Eq. (78) becomes

MW + ,ue(xv Z/)L,($,W, Qb) = ,ua(x, V)BU(T) t

2 1
ps(z, 1/)/ d¢’/ dw' p(z, v, Q) (2,0, ¢") (91)
0 -1
where, for consistency of notation, the linear extinction coefficient K, = p(r)x) (r) is now denoted
as :ue(xvl/) = o T s
In many plane geometry problems, the intensity depends only weakly on the azimuthal angle,

or, equivalently, one is interested in the azimuthally averaged intensity, i.e.,
1 2
Tz = [ d L (w,0). (92)

271'0

Integration of Eq. (91) over ¢ and division by 27 gives the following plane-geometry, azimuthally-
symmetric form of the RTE:

1, (x, 7
w% + ,ue($7l/)lu($vw) = :ua($7l/)B”(T)

1 R
—|—,u5($,l/)/ dw' plz,v,0’ — w)l,(z,w) (93)

—1

where the azimuthally integrated phase function is defined as

2
Pz, v,w —w)= / dp(z, v, Qe8). (94)
0

Since Q' = ww' + V1 — w2V — w2 cos(vp — 1'), the integration over 1 in the right-hand side
of Eq. (94) also eliminates the 1’ dependence, so that p depends only on the w and w’ angular
variables.

This form of the RTE forms the basis for the remainder of our discussion in these notes. The
RTE with LTE and elastic scattering is a monochromatic equation in which the intensity at one
frequency is independent of the intensity at another.

7.4.5 Boundary Conditions

To determine a unique solution of Eq. (93), it is necessary to specify the incident radiation intensity
at the surfaces of the medium, i.e., at # = 0 and at x = X. The simplest boundary conditions are
to specify the radiation emitted by the bounding surfaces into the medium. Thus

1,(0,w) = f(r,w), for w >0, (95)
IL(X,w)=g(r,w), for w < 0, (96)

where f(v,w) and g(v,w) are the prescribed incident intensities from the walls into the medium.
These incident intensities for physical solid bounding walls are determined by the wall emissions
which generally vary as the fourth power the wall temperature.
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If, in addition to a specified incident intensity at a boundary, a fraction of the outgoing radiation
is diffusely reflected back into the medium, the boundary conditions become

0
1,(0,w) = f(r,w) — 20:1(v) /_1 dwwl,(0,w), for w > 0, (97)

1
L(X,w)=gr,w)+ 2a2(y)/ dwwl,(X,w), forw <0, (98)
0
where ay and ay are the reflectivities of the bounding surfaces at = 0 and z = X, respectively.

8 Equilibrium Models

The RTE discussed above contain the emission term p, B, (1) which depends on the temperature
profile T'(r). If T'(r) is known a priori, then (numerical) solution of the RTE gives the radiation field
I,(r, Q). However, T'(r) generally is unknown and depends very non-linearly on the radiation field.
Thus, some other assumption, besides LTE, is needed. The most common additional assumption
is that the local radiation field is in equilibrium with the local emission of radiant energy. This is
discussed next.

8.1 Local Radiative Equilibrium

Under local radiation equilibrium, the radiant energy absorbed at any point in the medium equals
that emitted. Mathematically,

/OOO dv i (r,v) . dQ1,(r,Q) = /OOO dv [ dQp(r)e,(r,Q). (99)

4

If, in addition, LTE applies, radiative equilibrium requires

/Ooo dvpia(r.v) [ dQ1(r, ) = dr /Ooo dv p1a(x, 1) B, [T(x)). (100)

If there are other sources of thermal energy (e.g., chemical reactions, heat conduction contri-
butions, and/or convective flow of heat), such that S..(r) is the rate at which thermal energy is
transferred to the medium per unit volume by non-radiative processes, the radiation equilibrium
condition becomes

/OOO @ ta(r,0) [ QL (.9 + Seulr) = 4 /OOO dv pia (v, ) B [T(x)]. (101)

Under a grey approximation j, is independent of v, and Eq. (101) reduces to

fa(r) /OOO dv

where o is the Stephan-Boltzmann constant. It is Eq. (101) or (102) that relates the temperature
distribution in a medium to the radiation field.

For radiation transport problems in which 7'(r) is unknown, The RTE must be solved subject to
the constraint of Eqs. (100), (101), or (102). This requirement suggests an iterative solution scheme.
First, guess a temperature profile and then solve the RTE for [,. Next revise the estimate of T'(r)
from the radiation equilibrium condition (i.e. solve Eq. (102) for T(r)). Continue in this fashion
by repetitively solving the RTE and revising 7'(r) from the local radiative equilibrium condition
until convergence is achieved.

. dQL(r, Q)+ Sep(r) = dmpy(r) /OOO dv B,[T(r)] = 4p14(r)oT4(x), (102)
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8.2 Global Radiation Equilibrium

In an infinite, homogeneous, isothermal medium, in which radiation is in equilibrium with the
surroundings, the radiation intensity cannot depend on position r, direction €2, or time ¢. In this
situation [, (r,,t) — I, a constant, and Eq. (78) becomes

1 8 0 / 0 0 I — /
v + Qe V| I = prl,(r,t) |—1) + 7B, + (L =)L) | dQP(v, Q)| . (103)
C 4

Because I is a constant, the left-hand side of the above equation equals zero, and since
J1, dV B(v, 2+') = 1, this equation immediately reduces to

I2 = B,(T), (104)

i.e., the spectral intensity becomes that of Planck’s black-body spectrum. For this special case the
radiation field has the following properties:

energy density:

1 4
w, == [ dor="p,T) (105)
C Jar C
total energy density:
0 4
u’ = / dvul = —oT? (106)
0 C
radiant heat flux vector:
q°=0 (107)
radiation pressure tensor:
o 4
P = iaT%ij (108)

9 Numerical Methods for Solving the RTE

In this section, several numerical methods are presented for solving the RTE with elastic scattering
and azimuthal symmetry in plane geometry. To simplify notation, the accents are dropped, so
Eq. (93) is written as

1
wai + pe(v,z)| (2, w) = ,us(y,w)/ do' p(v, v, 0" — W), (2,0") + pa(v,2)B,(T).  (109)
L -1

As another notational simplification, we measure distance in terms of optical thickness 7(z) =
Jo da’ pe(2') so that dr = p. dz. Thus the above RTE can be written as

w@L,(T,w)

1
8 ‘|‘Iu(7_7w):75(l/77—)/ dw/p(yvwi/_>w)Iy(wvw/)+7a(V77)By(T)‘ (110)
T -1

where the single-scatter albedo v5 = ps/pe and v4(7) = pio/pte. The slab boundaries are at z = 0
and at @ = X, or at optical depths 7 = 0 and 7 = £&. The boundary conditions are given by
Eqs. (97) and (98).

30 August 16, 2001



If the medium is assumed grey (i.e., 75, 74, and p are independent of v), integration of Eq. (110)
over all frequencies yields following equation for the total intensity I(7,w) = [~ dv I, (T,w)

A im0 =) [ et oot = ) 420 D,y

in which the emission term is written explicitly in terms of the temperature.

Generally, the emission term v,(v)B,[T(z)] emission term generally depends very non-linearly
on the temperature profile T'(z), which is usually not known a priori. The temperature profile is
related to the radiation field through the local radiative equilibrium relation of Eq. (102) in which
the thermal power generation term S..(z) may also depend on the local temperature (e.g., in a
chemically reacting medium). For a grey, plane-geometry medium, the local radiative equilibrium
condition becomes

27 1a(7) /_11 oo I(7,0) + Sen(7,T) = dpia(r)oTH(r). (112)

To evaluate T'(7) from this equation, I(7,w) is found from Eq. (111) by solving for the intensity
I(7,w) based on some assumed temperature profile. Then a revised temperature profile is obtained
from Eq. (112). A new radiation field is then calculations, and such an iterative procedure (calculate
I(1,w), revise T(7), revise I(7T,w)...) is continued until convergence. For a non-grey medium,
Eq. (110) must be solved for a series of frequencies and the more general local radiative condition
of Eq. (101) must be used to revise T'(7).

Key to any radiative transfer problem is the solution of the RTE. Many methods have been
developed. In the following subsections, three widely used techniques are discussed. To simplify
notation in the subsequent sections, the variable v in Eq. (110) is omitted: however, it should be

remembered that [, e, pa, fts, B, and p are, in general, frequency dependent. Thus we consider
the RTE in the form

wé?l(ar;w) + I(r,w) = 75(7) /_11 do' p(z, 0" — w)I(z,w’) + 7,(7)B(T). (113)

0.1 Discrete-Ordinates Method

The discrete-ordinates method is a name given to several closely related techniques for obtaining
approximate solutions to the RTE. The principal feature in all these methods is the discretization
of the angular variable €2 such that photons are represented as streaming along only a finite number
of directions ; rather than in all possible directions as allowed by the RTE. In the most modern
and powerful of the discrete-ordinates techniques, the spatial variables are also discretized and
numerical methods are used to obtain the angular radiation intensity at all the spatial and angular
mesh points [Duderstadt and Martin 1979; Lewis and Miller 1984].

To illustrate the basic ideas of this powerful method, the discrete-ordinates technique is pre-
sented here for the simplest case of one-dimensional plane geometry with azimuthal symmetry (i.e.,
the RTE of Eq. (113)). The same ideas are applicable to other geometries, even with more than one
spatial dimension; however, these extensions become algebraically much more complicated without
introducing any additional principles of the discrete-ordinates method.

The azimuthally-averaged intensity for a given frequency in a slab of optical thickness £ is given
by Eq. (113). To obtain a unique solution, the incident intensity at the slab surfaces, 1(0,w) for
w >0, and I({,w) for w < 0 is specified by boundary conditions of Eqs. (97) and (98).
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The first step in the discrete-ordinates method is to select a finite set of directions {w;}, i =
1,..., N,and a set of corresponding quadrature weights {w;}, i = 1,..., N, such that the scattering
integral in Eq. (113) may be approximated by numerical integration (quadrature) as

1 N
/ dw' p(T,0" — W) (1,0") ~ Z w; p(T, w; — w)I(T,w;). (114)
-1

=1

The particular choice of the sets {w;} and {w;} depends on how accurately the radiation intensity
is to be integrated by the quadrature approximation in Eq. (114). If there is some reason to believe
that I(z,w) has some special feature (e.g., the photons are mostly moving in some narrow range of
w), then a special choice of quadrature ordinates and weights may be indicated. However, in most
cases no prior knowledge about the radiation intensity is available, and usually one chooses the w;’s
and w;’s based on a Gaussian quadrature approximation, in which the w;’s are the N zeros of the
Nth Legendre polynomial Py(w;) = 0 and the corresponding quadrature weights are given by

2(1 — w;)?
(N + 1) Prga(wi)*

This choice of {w;} and {w;} has the remarkable property that the scattering integral approximation
of Eq. (114) is exact if p(7,0’ — w)(7,w’) is a polynomial in &’ of degree (2N — 1) or less. No
higher-degree polynomial can be integrated exactly by any N-point quadrature procedure. Thus,
the choice of a Gaussian quadrature for Eq. (114) is optimum for polynomials. Although I and p
are generally not polynomials, Gaussian quadrature is generally used since the radiation intensity
and the phase function can be represented accurately by polynomials of sufficiently high degree.
Finally, the quadrature order N is always taken as even to avoid an ordinate at w = 0, a direction
at which I(7,w) is discontinuous at the boundaries.

The next step in the discrete-ordinates method is to obtain a set of N equations for I;(7) =
I(7,w;). Such equations can be obtained from the RTE, Eq. (113), in a number of ways, thus giving
rise to different discrete-ordinates formulations [Case and Zweifel 1967]. For instance, Eq. (113)
may be integrated over N angular subintervals (e.g., w;—1 to w;, ¢ = 1,...,N) and a variety
of approximations can be used to express these w integrals in terms of the I(7,w) (such as a
linear variation in w between the w; ordinates). However, for the present plane-geometry case, the
required N equations for the I(7) can be obtained directly by simply evaluating Eq. (113) at each
w;, namely,?

w; =

(115)

OL(T)
i or

+I(r)=Qi(r), i=1,...,N, (116)

where the total source (); is approximated as

N
Qi(T) =~ 75 > wip(T,w; — wi) (1) + 7. B(T). (117)

i=1

These N equations are the discrete-ordinates equations which must be solved for [;(7).

*This procedure is equivalent to integrating the RTE over a small w subinterval whose central point is w;. These
w integrals are then approximated by the product of the interval width and the integrand evaluated at the interval
midpoint w;.
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9.1.1 Numerical Solution of the Discrete-Ordinates Equations

For simple cases, the discrete-ordinates equations, Eqs. (116), may be solved directly in a semi-
analytical manner. This was the procedure used in the original development of the discrete-
ordinates method by Wick and Chandrasekhar [Chandrasekhar 1960]. However, this method is
notoriously unstable numerically if N > 8 and is seldom used.

The most widely used method for solving the discrete-ordinates equations of Eq. (116) is to
discretize the spatial variable and reduce the discrete-ordinates equations to a set of algebraic
equations which gives the intensities only at the spatial and angular nodes. For the present case,
divide the slab into K intervals by a mesh {7}, where o = 0 and 7x = T'. Integration of Eq. (116)
over the kth spatial interval (g, Tp41) gives

Th41

wi[IZ'(TkH)—Ii(rk)]—l—/;kﬂ IZ'(T)dT:/T Qi(7) dr,

k
i=1,...,N, k=0,1,....,K — 1. (118)

To evaluate the integrals in this result, it is assumed that the mesh width A7, = 7441 — 73 is
sufficiently small that the integrals can be approximated by their value at the mesh cell midpoints
Tht1/2 = (Tha1 + 7)/2. Thus, Eq. (118) is approximated as

Li(tig1) = (1)

Wi ATy + Ii(7k+1/2) =~ Qi(Tk-H/z)- (119)

This finite-difference equation relates the value of the radiation intensity at the mesh cell bound-
aries and the cell midpoints. However, since¢ =1,...,N and k =0,..., K —1, Eq. (119) represents
K X N linear algebraic equations in 2K x N unknown angular radiation intensities at the cell bound-
aries and midpoints. (Incident radiation intensities at the outer surfaces of the slab, 7y and 7y, are
assumed known from the boundary conditions.) Thus, to solve Eq. (119) for the radiation intensi-
ties it is first necessary to reduce the number of unknowns by relating the cell-centered intensities
I;(7r41/2) to the mesh boundary values. This reduction can be performed in a number of ways,
but the simplest and most commonly used method is to assume that

L(m) + Ii(Trq1)

Now there are as many linear equations as unknown radiation intensities.

The solution of Eqs. (119) and (120) for the radiation intensities is complicated by the fact
that the source term Q;(7j41/2) generally depends on the radiation intensities [see Eq. (117)].
For small K and N, these linear equations can be solved directly. However, it is usual to use
an iterative solution scheme which is especially applicable to more complicated cases in curved
multidimensional geometry. This iterative solution is begun by guessing an initial value for the
source (); at each spatial cell midpoint. Then substitution of Eq. (120) into (119) allows one to
eliminate the cell-centered intensities and to solve for [;(7441) in terms of [;(7y) as
1 — A7y /2w; ATy

I; = —F—I
(Tk+1) 1—|—AT]§/2wZ' (Tk)—l_ wi(l—l—ATk/Qwi)

Qi(Trt1/2), (121)

or for I;(7) in terms of I;(Tx41) as

_ 1—|—AT]§/2wZ'
1= AT /2w;

ATy,
wi(l — A1 /2w,

Li(T) Li(Thyr) — )Qi(7k+1/2)- (122)
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These two results then permit the evaluation of the intensities at all internal mesh boundaries
by starting at one of the slab surfaces (where the inward intensities are specified) and sweeping
inward along the direction of photon travel (constant w;) from mesh boundary to mesh boundary.
Equation (121) is used for particles streaming to the right (w; > 0) starting with the given I;(7o) =
1;(0,w;) and evaluating successively I;(7), Li(72), ..., L;(7x). Similarly, Eq. (122) is used for
particles streaming to the left (w; < 0) starting with the incident I;(7x) = I(£,w;) and successively
computing I;(tx-1), Ii(Tik—2), ..., 1;(0). Once the radiation intensities in all directions have been
found at all cell boundaries, the cell-centered intensities are computed from Eq. (120) and new
and improved estimates of the sources Q;(7y11/2) are computed from Eq. (117). This procedure of
iteratively computing the radiation intensities from Eqs. (121) and (122) and then a revised source
estimate from Eq. (117) is continued until the computed radiation intensities converge.

The incident boundary intensities I;(1o = 0), used to begin the forward sweep, and I;(7x = £),
used to begin the backward sweep, are obtained from the boundary conditions, Eqs. (97) and (98),
as

N
. N
L0)=fi—201 Y wjwjL;(0), i= Lo g (123)
j=14+N/2
and
N/2 N
Ii(f):gi‘l‘QOéQijw]‘Ij(f), iIE—I—l,...,N. (124)
=1
Here wy,ws,...,wy/, are positive and are the directions of the forward sweep. Ordinates
WAT/2415 - - -»wN are negative and are the directions used in the backward sweep.

Various procedures can be used to accelerate the convergence and so to reduce the number of
iterations required [Duderstadt and Martin 1979; Lewis and Miller 1984]. This reduction in the
number of iterations for convergence is particularly important for large problems involving many
mesh cells and discrete directions as would be encountered in large multidimensional problems.
Moreover, the number of mesh cells and the number of discrete ordinates needed to give an adequate
result are not independent. From Eqgs. (121) and (122) it is seen that to ensure the left-hand side
is always positive, the mesh spacing and the discrete ordinates must always be chosen such that
|ATi/2w;| < 1. Thus, the maximum cell width A7y is controlled by the smallest cosine of the
polar angle, min |w;| (namely, the direction closest to 7/2). If more discrete directions are used, the
number of spatial cells needed will generally increase. For problem geometries many mean-free-path
lengths thick, as are typically encountered in shielding problems, the number of spatial cells may
consequently become very large.

Although discrete-ordinates methods are widely used for radiative transfer calculations, these
methods do have their limitations. Most restrictive is the requirement that the problem geometry
must be one of the three basic geometries (rectangular, spherical, or cylindrical) with boundaries
placed perpendicular to a coordinate axis. Problems with irregular boundaries and material dis-
tributions are difficult to solve accurately with the discrete-ordinates method. In multidimensional
geometries, the discrete-ordinates method often produce spurious oscillations in the spatial dis-
tribution of the calculated intensities (the ray effect) as an inherent consequence of the angular
discretization. Finally, the discretization of the spatial and angular variables introduces numerical
truncation errors, and it is necessary to use sufficiently fine angular and spatial meshes to obtain
intensities that are independent of the mesh size.
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9.2 Multi-Flux Methods

Several methods, collectively called fluz methods have been developed [Houf, 1978] whereby the
continuous variation of intensity with direction, as inherent in the RTE, is approximated by the
flow of radiation in discrete solid-angle segments. Widely used is the two-flux method [Schuster,
1960] and the six-flux method [Chu and Churchill, 1955]. Here we develop the general N-flux
method in plane geometry.

The total solid angle at any optical depth is divided into N contiguous ranges AQ;, ¢ = 1,..., N,
where for plane geometry, the ith range is defined as

AQrw; <w<wig, 0< ¢ <2x, i=1,...,N, (125)

where wyp = 1 and wy = —1. The radiation intensity is then assumed isotropic (independent of
w) within each subinterval and is denoted by I;_1/5(7). Integration of Eq. (113) over the ith solid
angle range yields

wi—1 + w; dli_15(7) Y py
! 1/ -I-I'—1/2(7') = ’VSZ :

2 dr ¢ o wiol —w

'I]‘_l/z‘l"}/aB, 7;:17...7N7 (126)

where ,
Wy—1 Wi—1
pii = / dw’/ dw p(w’ — w). (127)
Wy Wi
If the phase function p(w’ — w) is also assumed constant within each angular subinterval interval
of w' and w, then

Pji = (%‘—1 - wj)(wi—l - wz’)P(wj—Uz - wi—l/?)v (128)
where w;_1/3 = (wj—1 + w;)/2 and p(wj_1/2 — wi_1/2) is computed numerically from the
azimuthally-averaged phase function of Eq. (94). Finally, substitution of Eq. (128) into Eq. (126)
gives the flux equations for solid angle segments ¢+ = 1,..., N.

dl;_1/5(7) al
%’—1/2# + Ii—l/?(T) = Vs Z(wj—l - Wj)P(Wj—l/z - Wi—1/2)Ij—1/2 + YaB. (129)
i=1

The flux equations can be written equally well (and usually are) in terms of the radiant fluxes
Ji(r) = 27r/ " dw I(r,w) ~ m(w? | —wH (7). (130)
Wy

However, we choose to use the intensities so as to show the similarity between the flux equations
and the discrete-ordinates (DO) equations. Comparing the DO equations, Eqs. (116) and (117), to
the flux equations, Eq. (129), we see that they are identical if the DO quadrature weights w; and
ordinates w; are replaced by (w;—1 —w;) and w;_1/2, respectively. In effect, the multi-flux method
uses a trapezoid integration approximation to evaluate the scattering source term, whereas the DO
method uses an arbitrary numerical quadrature set to evaluate the scattering integral and, hence,

is more general and potentially more accurate.

In the limit of a large number of discrete directions, both models will, of course, converge to the
correct result. Moreover, the same numerical solution technique used for the DO equations (i.e.,
the iterative, inward-outward sweep) is directly applicable to the multi-flux equations. Because of
the inherent better accuracy of the DO method (for the same number of discrete directions N)
compared to the flux method, the DO should always be used.
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9.3 Differential or Diffusion Approximation

In many radiative transfer problems the angular dependence of the radiation intensity is not re-
quired; rather, the angularly integrated intensity ®(r) = [, dQI(r,Q) is all that is needed. To
obtain an equation for @, integrate the RTE over all directions. The resulting equation involves
not only ® but also the flux vector J(r) = [, dQ QI (r,€2). To obtain an equation for J, multiply
the RTE by €2 and integrate over all directions. However, the result not only depends on J but
also on a higher angular moment. To approximate this higher moment, I(r, ) is assumed to vary
linearly with €. Combining these two moment equations to eliminate J, yields [Shultis and Faw,
1996]

—VeD,V&,(r)+ p,(v)®,(r) = drpa(v)B, (1) (131)

where the diffusion coefficient is

1
D,(r) = . 132
) = ) — ol ) e
In this result w, is the mean cosine of the scattering angle, i.e.,
1
wo(V) :/ ws PV, ws) dws. (133)
~1

For the plane-geometry azimuthally-symmetry problem considered in this section, the differen-
tial approximation of Eq. (131) can be expressed in terms of the optical depth 7, where dr = p. dz,
as

d— do
— DT—(T)

E () dr +7aq)(7):47r7aB(T)v (134)

where again the frequency subscript is suppressed and the modified diffusion coefficient D = pu. D,
i.e.,

1

D(t)= coor 135
)= =T (135)
and the angularly-integrated intensity (zeroth moment) is
1
O(7) = 27r/ dwl(T,w). (136)
-1

Boundary conditions for the angularly integrated intensity may be obtained from Eqs. (97) and
(98). Multiplication of these equations by 27w, integration over the directions into the medium,

and use of the Py approximation [27 foil dwowl(T,w) ~ % F g%(:) | gives [Khalil 1980]
—, . d®(0) - 2 1
DO~ g7 a0 = = [ o ) (137)
— . dd(¢) 1— ay 27 /0
D ®(&) = — d . 1
O+ e = - [ el (138)
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9.3.1 Numerical Solution
Although Eq. (134) can be solved analytically in a piecewise homogeneous medium provided T(7)
is known, it is usually much easier to obtain the solution numerically. Towards this end, the
optical thickness £ is divided into N — 1 contiguous subintervals by N equally spaced nodes 7.
Integration of Eq. (134) over the thickness A of one subinterval centered about each interior node
(i.e., k =2,3,...,N—1) and approximation of the derivatives by first-order finite differences, yields
[Khalil, 1980]

a;“k_l(I)k_l —|—ak7k<1>k—|—ak7k+1<1)k+1 =5, k=2,....,.N—1 (139)

where

2
apk-1 = —Dyp_1j2, k1 = —Dipgrye, g = Dk—1/2+Dk+1/2+7(2—wk+1/2—wk—1/2)7 (140)

41 [Tk+1/2
§, = x dr v, B[T(7)] = 47vy.(1%) B[T(7%)], (141)
Tk—1/2
and L s
b= — dr &(7). (142)
A Tk—1/2

Equations (139) are N — 2 algebraic equations in the N unknowns ®4,...,®xy. The needed two
extra equations are obtained by integrating the boundary conditions, Eqs. (137) and (138) over the
half-cells adjacent to the boundaries. These boundary node equations have the form

a11P1 + a1 2P0 = 51 and anN-1Pnv_1+anvNPN = SN (143)

The discretized Eqs. (139) and (143) can be written in matrix form A® = S where the matrix
A is tridiagonal. This set of equations is readily solved by direct elimination (using the tridiagonal
matrix algorithm).

10 Example: Particle Suspensions

As an illustration of the methods used for radiative transfer in interacting media, we consider
the case of stationary radiative transfer in a reacting particle suspension (see Fig. 13). Burning
spherical coal/char particles are suspending uniformly in an oxidizing gas (primarily Oz). If we
assumed the particle suspension is grey, the RTE, Eq. (111), is

w@](r,w)

aTH[T(r)]
or '

+ (1, w) = 7s(7) /_11 dw' p(z,w" — w)I(z,w’") + 7.(7) . (144)

The temperature profile is related to the radiation field, under an assumption of local radiative
equilibrium (see Eq. (112)) which can be written as

! 1
oT(1) = g/_l dwl(T,w)+ ESW(T,T). (145)
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Figure 13. Geometry for a coal/char suspension between two parallel
bounding walls. The left wall has temperature 77 and isotropic reflectivity
alphay while the corresponding right-wall parameters and 75 and alphas.

10.1 Heat Generation Model

In this section we review a heat generation model, which, although somewhat simplistic, exhibits
many features expected of realistic models. It is assumed that the heat generation rate 5., is
determined exclusively by the rate of heterogeneous (solid-gas) reaction. Homogeneous (gas-gas)
reactions and devolitilization are ignored. Convective and diffusive heat transfer, as well as sensible
energy changes, are assumed negligible compared to radiative heat transfer rates. For such a
combustion model, the heat generation rate is given by [Khalil, 1980]

S

Sex = PAhﬁ
K71 4 K;

(146)
Here P is the partial pressure of the oxygen, Ah is the energy released per unit mass of the fuel
consumed, and 5 is the surface area of the particles per unit volume, which is related to the bulk
density p, and diameter d, of the particles by

5= Sew (147)

dppe
where p. is the density of the coal/char. The quantities Ky and K are the oxygen diffusion rate
and surface reaction rate coefficients, respectively, and are given by [Field et al. 1967]
B 48DOT0.75

Kij= —5— and K, = Ze B/RT (148)
RT}-7d,

where 7' is the temperature of the medium (the gases and solids are assumed to be in thermal
equilibrium), D, is the diffusivity of the oxygen in air at temperature 7T}, R is the universal gas
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constant, Z is the pre-exponential factor (assumed independent of temperature), and £ is the
activation energy. The expression for the diffusional rate coefficient K; assumes that oxygen is
conserved in the particle boundary layer, i.e., consumption of oxygen occurs either at the particle
surface or relatively far from it.

The local radiative equilibrium relation, Eq. (145), can be cast into dimensionless form by
defining 7* = E/R, & = o1 = ¢(E/R)*, T = T/T*, and ¥ = 5= [, dw I(r,w). Division of
Eq. (145) by ®* yields

~ A
T(r) = W(r) + — _, (149)
(27)7975 + Bexp(1/T)
where A and B are dimensionless constants defined as
PAL (45 48D, (T*|T,)*™ 48D, (T T,)%"
A:7<—S)8 (T"/T) and B:8 (" /T,) (150)
o(E/R)* \ ig RT.d, ZRT,d,
Representative values are: activation energy F = 146 kJ/mol, preexponential factor Z = 500

mol/(cm? s atm) = 5.92 kg/(N s), oxygen diffusivity D, = 3.49 ecm?/s at T, = 1600 K, and
PARh = 250 atm cal/g. With these constants (and the optical properties presented in the next
section), a monodisperse suspension of 50 um diameter spherical coal particles, with a bulk density
pp = 107* g/cm® and a particle density of 1.5 g/cm?®, generates heat at a rate of 1 W/cm? at
a temperature of 1750 K. This power density of 1 W/cm? is typical of the thermal loading in
the primary heat release zones of pulverized fuel boilers [Richter and Heap 1981; Field et al. 1967].
With these values for the various model parameters, the dimensionless parameters A and B become
2.014 x 10~* and 1.805 x 10~*, respectively.

For the above parameterization, the heat generation rate per unit volume of the suspension
becomes

A A
- — =3.522 x 10*— -
(27)797 + Bexp(1/T) (27)797 + Bexp(1/T)

Sew = 4uo(E/R) W/em? (151)

where T = T/(E/R) = T/17,561. This heat generation function is shown in Fig. (14).

It should be noted that other more sophisticated heat-generation rate models are readily incor-
porated into the analysis that follows. For example, Khalil [1980] has added a term to account for
heat conduction between the burning particles and the ambient gas, which generally have different
temperatures (our analysis assumes the gas and particles have the same temperature). The above
model, while based on several simple assumptions, is not unrealistic and yields results that agree
reasonable well with experimental observations.

10.2 Optical Properties of the Suspension

The extinction and scattering coefficients are computed from p. = F.5/4 and ps = F;5/4, re-
spectively, where F. is the extinction efficiency and F; is the scattering efficiency. The ex-
tinction and scattering efficiencies are calculated from Mie theory given the particle size pa-
rameter o (= 7wd,/A, where A is the radiation wavelength), and the complex refractive in-
dex of the particles, m. The wavelength at which the maximum radiation intensity occurs
at combustion temperatures is roughly 2 pm, and the typical size of pulverized coal is be-
tween 10 and 100 pm. The particle size parameter, «, thus falls in the range of 10 to 150.
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Figure 14. The heat generation model for a burning carbonaceous particle
suspension. Also shown are the limiting values for oxygen diffusion control

and the surface reaction control.

In this range, the scattering and extinction efficiencies are weak functions of the size param-
eter, and diffracted radiation is concentrated within a narrow angle about the incident di-
rection. Treatment of the diffracted radiation as purely forward scattering allows this effect
to be mneglected entirely by subtracting its contributions from the extinction and scattering

w

s
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T
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Figure 15. Phase function of Eq. (152).

efficiencies. The scattering phase function is thus
determined entirely by the reflected component of
the scattering radiation and may be written for
opaque and diffusely reflecting particles as

p(bs) = %(sin s, — 6, cosby) (152)
where cosf, = Q. For a simpler isotropic scat-
tering model, the phase function p = 1/4~.

The complex refractive index of carbonaceous
solids, particularly coals is not well known. For py-
rolytic graphite, soot, and coal in the wavelength
region between 1 to 5 um, the refractive index has
a real part between 1.5 to 3 and an imaginary part
of from 0.1 to 1.0. For calculations is this section,
we assume m = 1.93(1 —¢0.53), close to the recom-

mended value of m = 2 — 1 for coal dust between
350 and 1,000 nm [Janzen 1979].
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For d, = 50 pm, m = 1.93(1—0.537) and A = 2 pm, the size parameter o = 78.54, the extinction
efficiency F, = 1.117158, and the scattering efficiency F; = 0.300529. The absorption efficiency
F, = F. — F;, = 0.816629 and v, = 0.269. For the pulverized coal suspension considered in the
previous section, S = (6p,)/(dpp.) = 0.08 cm™!. Finally, the optical interaction coefficients are

found from pu; = F;S/4, i = e, a,s so that g, = 0.0223 cm~!, y, = 0.0163 cm~!, and p,; = 0.00601
-1

cm™t,
10.3 Solution Algorithm

To obtain a radiation field I(7,w) and a particle temperature profile 7'(7) that satisfy both the
RTE, Eq. (144), and the local radiative equilibrium condition of Eq. (145), the following iterative
procedure can be used.

1. Guess an initial temperature profile, i.e., T(7), &k = 0,1,..., K. Typically, one assumes a
constant profile, e.g., T' = 1500 K. Then calculate Q;(741/2) from Eq. (117) assuming [ = 0.

2. Solve the RTE by the method of discrete ordinates using the inward-outward sweep of
Egs. (121) and (122). To start these sweeps, the inward radiation at the boundaries must
first be evaluated from Eqs. (123) and (124).

3. With the new estimate of the radiation intensity I or ¥(7), obtain a revised temperature
profile by solving Eq. (145) for T(7) or Eq. (149) for T(r). The non-linear equations for T
or T have either one or three solutions. The physical realistic solution can be found by the
following iteration scheme based on Eq. (149):

0.25

A , (153)

(2T(1)=0-75 4 Bexp(1/T9)

T () = | (r) +

starting with a sufficiently high value of TO). If there is only one solution, any starting value
may be used. If there are three solutions, the largest T' is sought and a starting value greater
than the first two roots is needed [Khalil, 1980].

4. Update the source term Q;(7441/2) from Eq. (117) using the new temperature profile.
5. Repeat steps 2 — 4 until the radiation and temperature fields converge.

10.4 Example Results

To illustrate the models and methodology described in this section, a few illustrative results are
presented. The model parameters, unless otherwise stated, are those presented above.

Figure 16 shows the temperature profile is a suspension bounded by vacuum walls (i.e., no
radiation is incident on the suspension). One profile is for a constant heat generation rate S., = 1
W/cm?, and the other is for the heat generation model of Eq. (151).

Figure 17 shows the maximum temperature in a suspension bounded by vacuum walls for
different suspension thicknesses Notice that if the suspension becomes too thin, the temperature
suddenly falls to near zero, an indication that the radiant energy leakage through the walls becomes
too great that not enough radiant energy is retained to sustain combustion. It is seen that the
thickness required for such stationary ignition is very sensitive to the activation energy F. The
ignition point is also very sensitive to other problem parameters such as boundary emissivities and
reflectivities.
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Figure 16. Temperature profiles in a burning coal suspension of optical
thickness 2.234 (1 m) bounded by vacuum walls. One profile is for a sus-
pension with a uniform power density of 1 W/cm? (bottom profile) and for
the model of Eq. (151) (top profile). Solid curves are for isotropic scattering
and the dashed curve is for the anisotropic phase function of Eq. (152).
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Figure 17. Maximum temperature in a burning coal suspension bounded
by vacuum boundaries for three values of the activation energy E. If the
suspension is too thin, combustion cannot be maintained. Isotropic scat-
tering is assumed.
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